ABSTRACT Among the factors influencing dust production on the farms, animal activity is probably the least studied. Animal activity is strongly affected by circadian rhythms and it is altered by the rearing conditions, especially the management of light and the feeding strategy. In this study, a broiler flock was evaluated until 35 d of age with the general objective of studying the factors influencing the production of dust, particularly the effect of animal activity, as affected by the lighting program. In an experimental room, 2 daily dark periods of 6 and 4 h with 158 birds divided in 12 groups, reared on wood shavings, were evaluated. A TEOM analyzer was used to measure dust concentrations, whereas animal activity was determined by observation of birds on video tapes. Animal activity was defined by an activity index, which was determined by direct evaluation of birds on video tapes. The animal activity index was closely related to the lighting program (0.084 and 0.556 during dark and light periods, respectively) and was maximum at wk 4 of the rearing period. The dust concentrations during light periods were on average 4 times higher than during dark periods, with a maximum average concentration of 2.82 mg·m . Dust concentration increased linearly with bird weight and daily variations in dust production were characterized. As a result, a direct cause-effect relationship between animal activity and dust concentration was obtained (r 2 = 0.89).
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INTRODUCTION
The negative effects of dust emitted from animal buildings on human health are related for the most part to respiratory problems such as chronic bronchitis, allergic reactions, and asthma-like symptoms (Iversen et al., 2000) . The particles suspended in air are commonly grouped into 3 classes according to their maximum aerodynamic diameters expressed in micrometers (NRC, 2002; Redwine et al., 2002) : total dust or inhalable fraction that is deposited in the upper airways of the respiratory tract; thoracic fraction (PM 10 ); and the respirable fraction, which can reach and be deposited in the smallest airways in the lung (alveoli).
The control of dust production is particularly relevant in broiler production, where concentrations are considerably higher than in other kinds of farms (Takai et al., 1998) .
Occupational dust concentration thresholds for human health are 10 and 4 mg·m −3 of inhalable and respirable dust, respectively, on an 8-h average, whereas for short-term exposure (15 min), the limit value is 20 mg·m −3 (HSE, 2007) . To protect the health of the animals, lower values are recommended as a result of their continued presence in the farms. Dust negatively affects the respiratory system of the birds and this can reduce both animal welfare and the productivity on the farm, as a result of a combined action with ammonia and pathogens (Collins and Algers, 1986; Al Homidan et al., 2003) . The maximum recommended concentrations are 3.4 and 1.7 mg·m −3 of inhalable and respirable dust, respectively (CIGR, 1992) . These values are usually exceeded in broiler buildings, according to Takai et al. (1998) .
Dust production in broiler facilities is strongly affected by the environmental conditions, bird age, litter material, and animal activity, which in turn is closely related to the lighting program and the feeding system (Nielsen et al., 2003) . There is little information on the effect of animal behavior on the emission of dust. However, animal behavior has been considered a key aspect to evaluate animal welfare because it may be the best estimator one can have of it (Duncan, 1998) , and therefore, many studies on animal welfare include behavioral analyses (e.g., Bizeray et al., 2002b; Shields et al., 2005 , Blatchford et al., 2009 ). Animal behavior is complex in nature and has been considered to be determined by multiple factors, mostly related to the basic satisfaction of poultry needs (e.g., feeding, drinking, preening, dust bathing, or sleeping), which in turn are closely related to animal welfare (Duncan, 1998) .
The use of passive infrared detectors (PID) has been proposed to measure animal activity (Pedersen and Pedersen, 1995) . In broiler production, the PID were used to compare differences in activity using different feeding systems (Nielsen et al., 2003) and to study the influence of light in relation to age and feed type (Nielsen et al., 2001 ). However, sensitivity problems caused by the inaccuracy in distinguishing slight movement differences and to the masking effect caused by increased litter temperature were reported in the use of the PID (Nielsen et al., 2001) .
In an attempt to relate dust concentration, broiler activity and lighting program, Yoder and Van Wicklen (1988) measured bird activity with a sound level meter, but they found no reliable results. The same authors reported a logarithmic increase in dust production with animal live weight and a significant difference between night and light periods. The dependence between animal age (or weight) and dust concentrations has been also demonstrated in several studies (Hinz and Linke, 1998; Redwine et al., 2002; Lacey et al., 2003) .
Thus, the objectives of this study were (1) to relate broiler activity with the lighting program in an experimental farm, (2) to measure dust concentrations (PM 10 ) continuously in the rearing of broilers kept on wood shavings, and (3) to quantify the influence of animal weight and activity on dust production.
MATERIALS AND METHODS

Experiment Layout
The experiment was conducted in an experimental broiler facility in the Research Centre for Animal Production and Technology (Georg-August University of Göttingen) in Vechta (Germany), during November and December 2006. A total of 158 one-day-old Ross broilers were distributed into twelve 2-m 2 pens in a 6 × 8 m room until 35 d of age, following a conventional management. Figure 1 shows the arrangement of the pens, together with the measurement devices described as follows. Each pen had 1 manual feeder and 2 nipple drinkers, and wood shavings were used as bedding material. Temperature, ventilation rate, and lighting were adjusted to animal requirements (Aviagen, 2002) .
Animal weight and feed consumption were determined weekly. The light regimen consisted of 2 dark and 2 light periods during the day: during the first 10 d of the cycle, the dark periods were from 2300 to 0500 h and from 1130 to 1530 h, whereas during the rest of the experiment, dark periods were from 2100 to 0500 h and from 1130 to 1530 h.
Measuring Environmental Conditions
Dust concentration (PM 10 ) was continuously determined using a gravimetric technique (TEOM Series 1400 ambient particulate monitor, Thermo Fisher Scientific, Waltham, MA). The corresponding dust fraction was fractioned with a PM 10 head. The measuring system was located at a height of 1 m in the middle of the room as shown in Figure 1 . Measurements were taken every 15 min during the entire cycle.
The room was ventilated by a 3-level constant ventilation system: level 1 during d 1 to 8, level 2 during d 9 to 28, and level 3 from d 29 to the end of the cycle. The ventilation rate of each level was measured by means of a fan-wheel anemometer (MiniAir6/S6Mik20, Schlitknecht, Gossau, Switzerland), resulting in 347, 387, and 414 m 3 ·h −1 for levels 1, 2, and 3, respectively. Air temperature and RH at air exhaust and at animal height were measured using temperature and humidity sensors (Hydroclip, Rotronics, Bassersdorf, Switzerland) and continuously recorded in a data logger (Mikromec-multisens, Technetics, Freiburg, Germany).
Estimation of PM 10 Production
The emission of PM 10 was measured using a mass balance in the farm, assuming that the PM 10 concentration at the inlet air was negligible in comparison with the exhaust concentration. The emission at a certain moment can be then calculated according to the following equation:
where E is the emission rate expressed in mg·h −1 , V is the ventilation rate expressed in m 3 per animal and hour, and PM 10 is the dust concentration expressed in mg·m −3 . The TEOM settings were adjusted to provide data at standard conditions (T std = 293 K and P std = 1 atm). Therefore, a correction for ambient temperature and barometric pressure (T a and P a ) is included in the formula to calculate the emission rate, according to Li et al. (2008) .
Measuring Animal Activity
Six pens were continuously monitored and video-recorded to determine animal activity using 3 infrared sensitive cameras located as shown in Figure 1 . Three infrared lights were used for monitoring night animal activity. Each of these 6 pens housed 13 birds continuously. The video signal was processed using a quad unit (Panasonic WJ-420, Secaucus, NJ) and video-taped using a video recorder (Panasonic AG-6040 E).
Animal activity was assessed on the recorded films every second day until d 25, and then every day until the end of the cycle. Direct observation of 1 photogram was performed every 15 min for the 6 pens; therefore, more than 12,000 observations were made during the experiment. Six activities were identified: lying, standing, moving (either walking or running), drinking, eating, and scratching. For each observation, the number of birds performing each activity was counted, and the percentage of occurrence of each activity was calculated.
An activity index (Ai) was defined as the proportion of active birds (i.e., birds not lying down). The difference in the average Ai between light and dark periods was highlighted according to the following model, evaluated with the GLM procedure (PROC GLM) of the SAS System (SAS, 2001):
where μ i is the general mean, Light i is a bivariate function with values 0 (lights off) and 1 (lights on), and Week j is the time effect (1 to 5).
Relation Between Animal Activity and Dust Concentration
The variation in the PM 10 concentration during the cycle in relation to animal weight and animal activity was evaluated by means of a regression model depending on live weight, light status, and ventilation flow, as follows:
PM 10 ijk = β 0 + β 1 ·LW i + β 2 ·LW i ·Light j + β 3 ·V k + ε ijk, where the dependent variable PM 10 is the measured dust concentration expressed in mg·m −3 and the independent variables LW and Light are the average weight of the birds expressed in kilograms and the light status described previously, respectively. A linear relationship was proposed following the findings of Hinz and Linke (1998) . The intercept (β 0 ) was expected to be zero, because no dust is expected to be produced when LW = 0. The regression parameters β 1, β 2 , and β 3 as defined in this equation have the following interpretation: β 1 is the dust concentration per kilogram of animal weight when lights are off, whereas (β 1 + β 2 ) corresponds to the dust concentration per kilogram of animal weight when lights are on. A lineal term of ventilation rate (V) was also added to the model to evaluate its influence on dust concentration. The variable β 3 represents the influence of the ventilation flow on dust concentration.
A similar regression model was adjusted to consider the effect of animal activity (model 2):
PM 10 ijk = β 0 + β 4 ·LW i + β 5 ·LW i ·Ai j + β 6 ·V k + ε ijk , where Ai is the activity index described previously. In this case, the regression coefficients take on the following meanings: β 4 is the increase in dust concentration per kilogram of animal weight when all animals are inactive (basal dust concentration) and β 5 quantifies the increase in basal dust concentration given the proportion of active birds. The variable β 6 represents the influence of the ventilation flow on dust concentration in this model.
Both regression models were adjusted with the PROC REG of the SAS Software (SAS, 2001) and were adjusted with values on a 15-min basis during the entire experiment.
RESULTS AND DISCUSSION
Animal Activity
The average percentages of birds performing each activity, as affected by age and light status, are shown in Table 1 . During the dark period, lying was the most frequent activity, although other activities (particularly eating) occurred sporadically. During the light period, the lying activity was performed on average by only 40% of the birds, although the initial minutes were usually devoted to eating. Other common activities during the lit period were scratching and standing, whereas eating, drinking, and walking were less frequent.
In published references, there is a great variability in measured animal activity during illuminated periods. Broiler behavior has been reported to depend on management practices such as the housing system (Fortomaris, 2006) , the use of different litter materials (Shields et al., 2005) , the stocking density (Arnould and Faure, 2004) , or light management (Prayitno et al., 1997; Kristensen et al., 2007) . Kristensen et al. (2006) reported a peak in animal activity between wk 2 and 3 of life, with a sharp decrease in activity thereafter, confirming the results of previous studies (e.g., Weeks and Davies, 1995; Nielsen et al., 2003) . Weeks et al. (2000) found that broilers from 40 to 49 d were lying 76 to 86% of total time, whereas Shields et al. (2005) found a significant increase in sitting behavior from wk 1 (47% of time) to wk 6 (64% of time). The results reported by Prayitno et al. (1997) in a study of the effect of light color on broiler behavior were more similar to the results reported in this study: the inactive animal behaviors (sitting, dozing, and sleeping) ranged between 64 to 67% of time at d 16 of the growing period. However, Kristensen et al. (2007) found 19% and 50% of resting birds in 2 experiments conducted to determine the influence of light on broiler behavior and identified a large variability that challenges the transfer of results among studies and from experimental designs to commercial situations.
The Ai, as defined in this study, was on average 0.556 and 0.084 for light and dark periods, respectively, and the differences between the 2 groups were, as expected, statistically significant (P ≤ 0.01), confirming the daily pattern in broiler activity conditioned by light obtained by Nielsen et al. (2003) . This is in agreement with the assumption of clearly differentiated activity levels between dark and light periods that may affect the daily variation of dust concentration as reported by Gustaffson (1997) .
An Ai was also developed by Bloemen et al. (1997) , which consisted of an algorithm for analyzing images and calculating animal activity. This is an inexpensive and accurate method to record animal activity.
However, it does not allow registering active behaviors without an associate movement (e.g., eating or drinking), which can only be determined by direct observation. Using this automatic Ai, Kristensen et al. (2006) studied the influence of light on broiler activity. They found a significant positive correlation between light intensity and the activity in different light schedules and determined an average Ai for birds kept at 100 lx of 0.449. In this study, a higher average Ai was found for light periods (0.556). The reason for this difference may be the identification of active behaviors that are not detected by PID. In this study, the effect of the age of the animals on animal activity was also found to be statistically significant (Table 2 ). However, the activity during light periods seems to increase with bird age until wk 4, when the animals are more active. On the contrary, during the night, the activity decreases with animal age.
Average Dust Concentrations and Emission Rates
Dust concentration increased with animal age and was clearly related to the lighting program (Figure 2 ). Dust concentration during the light period was approximately 4 times the concentration during dark periods, 18.4 ± 0.4 10.5 ± 0.7 9.9 ± 0.3 6.1 ± 0.3 4 161 38.2 ± 1.0 24.9 ± 0.3 16.5 ± 0.4 7.2 ± 0.7 9.0 ± 0.3 4.2 ± 0.3 5 219 41.8 ± 0.9 27.5 ± 0.2 13.6 ± 0.3 5.9 ± 0.6 8.3 ± 0.3 3.0 ± 0.2 1 All differences between light and dark periods were statistically significant (P ≤ 0.01). , respectively. All differences between light and dark values were statistically significant (P < 0.01).
throughout the experiment. The evolution of average temperature and RH during the cycle is also shown in Figure 2 .
Average daily dust concentration was always under 1 mg·m −3 in dark periods and showed values lower than 0.5 mg·m −3 for most of the cycle. During the light periods, dust concentration was lower than 1 mg·m −3 until approximately d 20 of the cycle, and then a major increase occurred. At the end of the cycle (d 30 to 35), average PM 10 concentrations during light periods were over 3 mg·m −3 . Table 2 shows the range and averages of measured dust concentrations during dark and light periods for each week. The wide ranges of dust measured in each period illustrate the high variability of this variable. The measured values are in accordance with the ranges reported in the literature, which in turn show a very high variability (Table 3) .
The average emission rate during the rearing period was 1.97 mg·animal −1 ·hour −1 . However, dust emission rates also increased with animal age because of the direct relationship between dust emissions and concentrations. Table 2 illustrates this evolution considering weekly averages and differentiating light and dark periods.
The Effect of Bird Weight, Light Status, and Animal Activity on Dust Concentration
A linear relationship was found between dust production and animal weight, considering the effect of the light status (model 1 in Table 4 ). Figure 3 shows the evolution of daily average PM 10 concentrations in light and dark periods, respectively. The same kind of relationship was previously reported in the literature, which was attributed to the increased potential to produce dust from bigger animals (Hinz and Linke, 1998; Redwine et al., 2002; Lacey et al., 2003) . However, Yoder and Van Wicklen (1988) found a logarithmic relationship between respirable aerosol concentration and animal weight. The differences in the type of relationship are probably caused by the fact that younger animals were used in this study. The inclusion of the ventilation rate in the model was not significant (P > 0.05). However, the relationship between airflow and particulate matter concentration has been demonstrated (Wang et al., 2000) . As a gaseous contaminant, ventilation will remove the dust accumulated, but at the same time, ventilation may also make dust on surfaces become airborne. A possible reason to obtain no relationship in this study may be the narrow range in the ventilation rate (2.20 to 2.76 m 3 per animal and hour), compared with the recommended air flow rate in broiler production, which ranges from 1.18 to 12.11 m 3 per animal and hour for a live weight of 2 kg (Aviagen, 2002) . Therefore, more specific studies have to be conducted to determine the effect of ventilation rate in dust concentration in broiler buildings, similar to previous research conducted in pig buildings (Wang et al., 2002) .
In relation to animal activity, weekly 15-min averages of dust concentrations were compared with the corresponding mean animal Ai: the results of this comparison are shown in Figure 4 . This figure shows little diurnal variation in broiler activity, as reported by previous studies in broilers reared with unrestricted feeding (Weeks and Davies, 1995; Nielsen et al., 2003) . However, it also reveals a sharp increase in animal activity in the first minutes of the light periods, which corresponds to a generalized eating behavior. Two periods of high Ai and dust concentration could be distinguished daily, as a consequence of the lighting program. Although weekly averages are reported, the relationship between the 2 curves is obvious: a change in the mean activity of the animals involves a subsequent change in dust concentration. However, a short delay of approximately 15 min can be identified in the evolution of dust in comparison to the Ai. This may be a consequence of the time needed by dust to become airborne or settled down. Finally, an increase of dust concentration is observed without a significant change in the Ai, which confirms that the age of the animals is a relevant factor affecting the production of dust. Thus, dust concentration is strongly correlated with animal weight and the Ai, according to model 2 in Table 4: PM 10 = 3.00·LW + 2.03·LW·Ai (r 2 = 0.89).
This equation is similar to the regression equation in Figure 3 , if the corresponding average values of Ai are considered for light and dark periods, respectively. This similarity can be expected given the relationship between Ai and the light status given in Table 2 . Furthermore, it demonstrates a linear interaction between animal weight and the proportion of active birds, which can be quantified by means of the Ai as defined in this study.
This finding seems to have contradictory implications. On the one hand, it is commonly accepted that increasing the activity of broilers is crucial to improve their welfare and to avoid leg disorders (Balog et al., 1997; Bizeray et al., 2002a,b) . On the other hand, however, given the direct cause-effect between animal activity and dust concentration demonstrated in this study, increased activity levels may impair the quality of the air in broiler facilities, with associate negative effects on animal health (Collins and Algers, 1986; Al Homidan et al., 2003) .
In conclusion, the characterization of broiler behavior has revealed a daily variation in animal activity, with a clear distinction between light and dark periods, with little variation within each period, as obtained in previous studies. Furthermore, this study demonstrates a direct relationship between animal activity and dust production in broiler facilities. Given the strong relationship between animal activity and animal welfare, more effort is needed to harmonize environmental and behavioral aspects in broiler production.
